Heilman RP, Lagoski MB, Lee KJ, Taylor JM, Kim GA, Berkelhamer SK, Steinhorn RH, Farrow KN. Right ventricular cyclic nucleotide signaling is decreased in hyperoxia-induced pulmonary hypertension in neonatal mice. Am J Physiol Heart Circ Physiol 308: H1575-H1582, 2015. First published April 11, 2015 doi:10.1152/ajpheart.00569.2014 and right ventricular hypertrophy (RVH) affect 25-35% of premature infants with significant bronchopulmonary dysplasia (BPD), increasing morbidity and mortality. We sought to determine the role of phosphodiesterase 5 (PDE5) in the right ventricle (RV) and left ventricle (LV) in a hyperoxia-induced neonatal mouse model of PH and RVH. After birth, C57BL/6 mice were placed in room air (RA) or 75% O 2 (CH) for 14 days to induce PH and RVH. Mice were euthanized at 14 days or recovered in RA for 14 days or 42 days prior to euthanasia at 28 or 56 days of age. Some pups received sildenafil or vehicle (3 mg·kg Ϫ1 ·dose Ϫ1 sc) every other day from P0. RVH was assessed by Fulton's index [RV wt/(LV ϩ septum) wt]. PDE5 protein expression was analyzed via Western blot, PDE5 activity was measured by commercially available assay, and cGMP was measured by enzyme-linked immunoassay. Hyperoxia induced RVH in mice after 14 days, and RVH did not resolve until 56 days of age. Hyperoxia increased PDE5 expression and activity in RV, but not LV ϩ S, after 14 days. PDE5 expression normalized by 28 days of age, but PDE5 activity did not normalize until 56 days of age. Sildenafil given during hyperoxia prevented RVH, decreased RV PDE5 activity, and increased RV cGMP levels. Mice with cardiac-specific overexpression of PDE5 had increased RVH in RA. These findings suggest normal RV PDE5 function is disrupted by hyperoxia, and elevated PDE5 contributes to RVH and remodeling. Therefore, in addition to impacting the pulmonary vasculature, sildenafil also targets PDE5 in the neonatal mouse RV and decreases RVH. PDE5; pulmonary hypertension; right ventricle; cyclic nucleotides BRONCHOPULMONARY DYSPLASIA (BPD) is a common complication of prematurity, affecting approximately one-third of extremely low birthweight infants (13, 46). Despite modest success in the prevention of BPD with therapies including inhaled nitric oxide, caffeine, and vitamin A, it still remains a significant problem in preterm infants, and there are 10,000 new cases annually in the United States (5, 9, 22, 34, 41) . Approximately 25-35% of infants with moderate to severe BPD develop further complications of pulmonary hypertension (PH), right ventricular hypertrophy (RVH), and RV failure that increase morbidity and mortality (1, 4, 12, 21) . Little is known about how to best treat BPD-associated PH acutely or chronically. Mortality for infants with BPD-associated PH and RV failure is reported to be as high as 50% by 2 years of age, and these infants have a 4.6-fold risk of death compared with matched patients with BPD alone (21, 36). Furthermore, pulmonary hypertension is an independent risk factor for predicting death or need for tracheostomy prior to discharge (29). Thus the presence of PH, RVH, and RV failure in BPD infants negatively influences patient outcomes.
PDE5; pulmonary hypertension; right ventricle; cyclic nucleotides BRONCHOPULMONARY DYSPLASIA (BPD) is a common complication of prematurity, affecting approximately one-third of extremely low birthweight infants (13, 46) . Despite modest success in the prevention of BPD with therapies including inhaled nitric oxide, caffeine, and vitamin A, it still remains a significant problem in preterm infants, and there are 10,000 new cases annually in the United States (5, 9, 22, 34, 41) . Approximately 25-35% of infants with moderate to severe BPD develop further complications of pulmonary hypertension (PH), right ventricular hypertrophy (RVH), and RV failure that increase morbidity and mortality (1, 4, 12, 21) . Little is known about how to best treat BPD-associated PH acutely or chronically. Mortality for infants with BPD-associated PH and RV failure is reported to be as high as 50% by 2 years of age, and these infants have a 4.6-fold risk of death compared with matched patients with BPD alone (21, 36) . Furthermore, pulmonary hypertension is an independent risk factor for predicting death or need for tracheostomy prior to discharge (29) . Thus the presence of PH, RVH, and RV failure in BPD infants negatively influences patient outcomes.
There is a gap in knowledge of the molecular mechanisms and pathophysiology leading to the development of BPDassociated PH and its ultimate endpoint of RVH and RV failure. BPD is associated with abnormal lung and pulmonary vasculature development. Histological hallmarks of BPD include alveolar simplification, failure of angiogenesis, vascular remodeling, and increased vascular tone leading to increased pulmonary vascular resistance (PVR) (16, 38) . This increased PVR increases afterload and strain on the right ventricle (RV) (10) . In response to the pressure-overload, the right ventricle increases ventricular wall thickness. While this is initially a compensatory mechanism, it ultimately can lead to RV dilation and failure (40) . While increased afterload is commonly thought to trigger adaptation and remodeling in the RV, neurohumoral signaling, oxidative stress, inflammation, ischemia, and cell death may all contribute to RV dilatation and failure (10) .
cGMP is an important intracellular second messenger involved in the regulation of cardiovascular homeostasis. Its role is multifaceted, and it achieves multiple different effects through compartmentalization within the cardiac myocyte (17, 26, 28) . cGMP negatively modulates contractility and accelerates relaxation of cardiomyocytes, affecting lusitropy and inotropy (39) . cGMP is primarily produced through two separate pathways in the heart: BNP-stimulated production of particulate guanylate cyclase (pGC) and nitric oxide synthase (NOS)-stimulated production of soluble guanylate cyclase (sGC). cGMP has been shown to play a role and help protect against the hypertrophic maladaptive responses and remodeling in the myocardium (39, 40) .
Phosphodiesterases are a family of eleven enzymes that are important downstream regulators of cyclic nucleotide signaling (17) . In cardiac myocytes, PDE1, PDE2, PDE3, and PDE5 are known to regulate cGMP and cAMP. PDE5 is a cGMP-specific PDE that plays a significant role in the hydrolysis of cGMP in the cardiac myocyte of the failing heart (20, 23, 35) . PDE5 has been shown to be upregulated in adult mouse models and human samples of RV and LV failure (30, 42, 43) . In addition, PDE5 inhibitors increase RV inotropy in animal models of heart failure and in human clinical data (30) .
To date, all of the data regarding phosphodiesterase and cyclic nucleotide signaling in the cardiac myocyte have been derived from adult animal models of RV and LV overload and/or failure as well as adult human heart samples. It is unknown whether PDE5 and cGMP play a similar role in the neonatal heart in general or in the neonatal RV specifically in response to PH. In the present study, we sought to determine the role of PDE5 in the RV and LV of neonatal mice with hyperoxia-induced PH and RVH. We further examined the time course of the heart's recovery after ending the hyperoxia exposure.
MATERIALS AND METHODS
Animal protocols. The animal protocol used for this study was submitted and approved by the Institutional Animal Care and Use Committee at Northwestern University. Newborn C57Bl/6 mouse pups of both sexes (Charles River, Wilmington, MA) from agematched litters were exposed to 75% O 2 (CH) in a Plexiglas chamber (Biospherix, Lacona, NY) or to room air (RA) within 24 h of birth. Exposure to hyperoxia was continuous for 14 days, with brief interruptions for animal care and to rotate the dams every 24 h (3). Some litters of mice, along with age-matched controls, were allowed to recover in room air for either 14 days or 42 days (Fig. 1) . Some litters received sildenafil [Revatio (0.8 mg/ml sildenafil in 5% dextrose), Pfizer, New York] or vehicle (sterile 5% dextrose) injections (3 mg·kg Ϫ1 ·dose Ϫ1 sc) every other day starting from P0, for a total of 7 injections (25) . After the completion of the assigned protocol, the pups were euthanized for tissue harvest. Finally, for some studies, we also utilized cardiomyocyte-specific PDE5 overexpressing mice (PDE5TG) on a Taconic C57Bl/6 background that were kindly provided by Dr. Stefan Janssens (KU Leuven, Leuven, Belgium) (32) .
Measurement of right ventricular hypertrophy (RVH).
Fulton's index, defined as the RV weight divided by the LV ϩ septum weight, was used to assess RVH (3) .
Western blot analysis. Frozen RV tissue was pulverized, and total protein was collected and placed in lysis buffer (Millipore, Temecula, CA), supplemented with protease (Sigma-Aldrich, St. Louis, MO) and phosphatase inhibitors (EMD Biosciences, San Diego, CA) as previously described (14) . Protein concentration was measured using the Bradford assay (11). PDE5 protein expression was assessed via Western blot, which was performed as previously described (14) . Briefly, membranes were blocked at room temperature with 5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween 20 (1ϫ TBST) and incubated overnight at 4°C with primary antibody in 5% milk ϩ 1ϫ TBST at an appropriate dilution [1:750 for rabbit antiPDE5a (Santa Cruz Biotechnology, Santa Cruz, CA) and 1:500 for ␤-actin (Sigma-Aldrich)] followed by secondary antibody at the appropriate dilution [anti-rabbit (1:750 Cell Signaling, Danvers, MA) and anti-mouse (1:1,000 Cell Signaling)]. Membranes were then washed and exposed via chemiluminescence (Pierce, Rockford, IL). Bands were analyzed using a Bio-Rad ChemiDoc XRSϩ (Bio-Rad, Hercules, CA). Expression was normalized to ␤-actin. Data are shown as fold Ϯ SE relative to control mice.
PDE5 activity assay. Protein was prepared from snap-frozen RV tissue as described above and was purified over a Centri-Spin 10 column to remove any phosphate contamination (Princeton Separations, Adelphia, NJ). Protein concentration was then determined using the Bradford method. Total protein was assayed in duplicate for cGMP-hydrolytic activity using a commercially available colorimetric cyclic nucleotide phosphodiesterase assay kit (Enzo, Farmingdale, NY) with and without sildenafil (100 nM, Sigma-Aldrich) as previously described (24, 25) . Results are shown as the sildenafil-inhibitable picomoles cGMP hydrolyzed per milligram total protein per minute.
cGMP enzyme immunoassay (EIA). cGMP content in snap-frozen RV tissue was measured by EIA in duplicate, using a commercially available kit (Cayman Chemical, Ann Arbor, MI) as previously described (14) . Results were measured using a Bio-Rad iMark automated plate reader (Bio-Rad) at 420 nm. Results are shown as picomoles cGMP per milliliter.
Measurement of medial wall thickness (MWT).
Small vessel remodeling was assessed by measuring MWT of small PAs. Mouse lungs were inflated and imaged using a Pixera microscope (40ϫ); 6 -8 images per animal were taken and analyzed in a blinded fashion. MWT was measured as the ratio of the area of small PA wall over the total PA area (25) .
Measurement of alveolar area. Lung sections were stained with hematoxylin for 16 h and lung morphometry images were taken on a Pixera microscope (20ϫ); 6 -8 images per animal were taken and analyzed in a blinded fashion. Mean alveolar area was measured using Scion software (Informer Technologies) (25) .
Statistical analysis. All data are expressed as means Ϯ SE, with n representing the number of animals and with significance at P Ͻ 0.05. Results were analyzed by ANOVA with post hoc Bonferroni's analysis using Prism software (Graphpad Software, San Diego, CA).
RESULTS

RVH is present in CH mice and slowly resolves by 56 days of life (after 42 days of room air recovery).
Fulton's index was used to assess RVH in mice of all three age groups: 14 day exposure to CH, 28 days (14 day exposure ϩ 14 day recovery), and 56 days (14 day exposure ϩ 42 day recovery). The 14-day CH mice demonstrated significant RVH compared with RA controls (0.32 Ϯ 0.02 vs. 0.24 Ϯ 0.01, P Ͻ 0.05, Fig. 1 ). The 28-day CH mice continued to have RVH relative to agematched RA controls (0.32 Ϯ 0.01 vs. 0.26 Ϯ 0.01, P Ͻ 0.05, Fig. 1 ). By 56 days, RVH was not present in the group of mice exposed to CH compared with age-matched RA controls (0.25 Ϯ 0.01 vs. 0.24 Ϯ 0.01, Fig. 1) .
RV, but not LV ϩ S, PDE5 expression is increased after exposure to chronic hyperoxia but normalizes with RA recovery. As an increase in PDE5 protein expression has been shown in failing human hearts (30, 42, 43), we measured PDE5 expression in the RV of mice exposed to CH in all three age groups * * Fig. 1 . Right ventricular hypertrophy is present in chronic hyperoxia (CH) mice and slowly resolves with room air (RA) recovery: Fulton's index was measured at 3 time points in CH mice: 14 day mice (n ϭ 6), 28 day mice (14 day exposure, 14 day recovery, n ϭ 8), and 56 day mice (14 day exposure, 42 day recovery, n ϭ 4). Comparisons were made with age-matched RA controls (n ϭ 8, 13, and 4, respectively). Data are shown as means Ϯ SE. RV, right ventricle; LV, left ventricle; S, septum. *P Ͻ 0.05 vs. age-matched controls.
compared with age-matched RA controls. RV PDE5 expression was increased in 14-day CH mice compared with agematched RA controls (2.7 Ϯ 0.8-fold, P Ͻ 0.05, Fig. 2, A and  B) , However, it was not significantly different at 28 or 56 days compared with age-matched RA controls (Fig. 2, A and B) . Meanwhile, there was no significant difference in LV PDE5 expression at any of the three time points in CH mice compared with age-matched RA controls (Table 1) .
RV, but not LV ϩ S, PDE5 activity is increased after CH and remains elevated after 14 days of RA recovery. RV PDE5 activity was measured at the above-mentioned time points compared with age-matched RA controls. At 14 days, RV PDE5 activity was increased in CH mice compared with RA controls (402.9 Ϯ 50.6 vs. 41.3 Ϯ 79.6 pmol cGMP hydrolyzed·mg protein Fig. 3A ). At 28 days, CH mice continued to have elevated RV PDE5 activity (196.5 Ϯ 20.8 vs. 70.9 Ϯ 23 pmol cGMP hydrolyzed·mg protein Fig. 3A) . By 56 days, there was no significant difference in RV PDE5 activity found between the CH and RA control mice (Fig. 3A) . Similar to the PDE5 expression data, there was no significant difference in LV PDE5 activity at any of the three time points in CH mice compared with age-matched RA controls (Table 2) .
RV cGMP levels are decreased after CH but normalized with RA recovery. As cGMP is essential in lusitropy and contractility of the cardiac myocyte, cGMP levels were measured in the RV of mice exposed to CH, in all three age groups compared with age-matched RA controls. The 14-day CH mice demonstrated decreased cGMP levels in the RV (0.74 Ϯ 0.13 vs. 1.06 Ϯ 0.09 pmol cGMP/ml, P Ͻ 0.05, Fig. 3B ). At 28 and 56 days, no significant differences were noted in cGMP levels in CH mice vs. age-matched controls (Fig. 3B) .
Sildenafil treatment does not alter RV PDE5 protein expression. There was no significant difference between RV PDE5 expression at 14 days in CH mice sildenafil compared with CH mice treated with vehicle (3.76 Ϯ 2.25 vs 2.14 Ϯ 1.3, Fig. 4A ).
Sildenafil decreased PDE5 activity and increased cGMP in the RV in CH mice. RV PDE5 activity was significantly decreased in 14-day CH mice receiving sildenafil compared with 14-day CH mice receiving vehicle (1,124.7 Ϯ 265.7 vs 1,961.1 Ϯ 520.9 pmol cGMP hydrolyzed·mg protein Ϫ1 ·min Ϫ1 , P Ͻ 0.05, Fig. 4B ). There was no difference in LV PDE5 activity in 14-day CH mice receiving sildenafil compared with CH mice receiving vehicle (data not shown). Consistent with the data on PDE5 activity, sildenafil treatment increased cGMP levels in the RV in 14-day CH mice receiving sildenafil compared with 14-day CH mice receiving vehicle (1.7 Ϯ 0.18 vs. 0.93 Ϯ 0.12 pmol cGMP/ml, P Ͻ 0.05, Fig. 4C) .
Cardiac myocyte specific overexpression of PDE5 leads to RVH in RA at 14 days. Mice with cardiac myocyte-specific PDE5 overexpression (PDE5TG) have previously been shown to be more susceptible to left-sided heart failure in the setting of pressure overload. Adult PDE5TG mice are reported to have nine times the expression of PDE5 relative to adult isogenic wild-type mice (32, 42) . We verified that the PDE5TG RV had significant overexpression of PDE5 relative to the isogenic wild-type littermates at 14 days (Fig. 5A) . Interestingly, while these mice have no functional defects detected by echocardiography at baseline as adults (32), we discovered that these mice have an increased Fulton's index indicative of RVH at baseline compared with controls in RA (0.32 Ϯ 0.07 vs. 0.27 Ϯ 0.04, P Ͻ 0.05, Fig. 5B ). Since these mice were supposed to be cardiac-specific PDE5 overexpressers, we sought to determine if there were any changes in the medial wall thickness or alveolar area. As shown in Fig. 5 , C and D, there is no change in the medial wall thickness of the PDE5 TG mice relative to their wild-type littermates. Neither is there any difference in alveolar area in the PDE5 TG mice relative to their wild-type littermates (Fig. 5, E and F) . This confirms that the increase in Fulton's index seen in Fig. 5B is a result of the cardiac overexpression of PDE5.
DISCUSSION
Phosphodiesterases, specifically PDE5, have been shown to be present in the cardiac myocyte, and limited data suggest A B Fig. 3 . RV PDE5 activity is increased and cGMP decreased after CH but both normalize with RA recovery. A: RV PDE5 activity was measured at three time points: 14 day mice, 28 day mice (14 day exposure and 14 day recovery), and 56 day mice (14 day exposure, 42 day recovery). RV PDE5 activity was measured in CH mice (n ϭ 7, 8, and 4, respectively) vs. age-matched RA controls (n ϭ 10, 8, and 5) using a commercially available colorimetric cyclic nucleotide phosphodiesterase assay kit with and without sildenafil. Data are shown as means (pmol cGMP hydrolyzed·mg protein Ϫ1 ·min Ϫ1 ) Ϯ SE. *P Ͻ 0.05 vs. age-matched controls. B: RV cGMP levels were measured in 14 day mice, 28 day mice, and 56 day mice by EIA in CH mice (n ϭ 14, 8, and 4, respectively) vs. age-matched controls (n ϭ 20, 8, and 3, respectively). Data are shown as means (pmol/ml) Ϯ SE. *P Ͻ 0.05 vs. age-matched controls. ) Ϯ SE. *P Ͻ 0.05. C: RV cGMP levels were measured via EIA in vehicle-or sildenafil-treated mice exposed to CH (n ϭ 5 treated with vehicle, n ϭ 4 treated with sildenafil). Data are shown as means (pmol/ml) Ϯ SE. *P Ͻ 0.05. PDE5 protein expression is increased in the failing or strained RV and LV. PDE5 is known to play a role in the cGMP hydrolysis and has been shown to be upregulated in models of heart failure (30, 32, 42) . Until now, most data have been collected from adult animal models of pulmonary hypertension, pressure overload, and heart failure, which differs significantly from the neonatal model of hyperoxia-induced pulmonary hypertension. Furthermore, it is unknown if these pathways remain as critical at earlier time points in cardiac development. A recent study showed that perinatal inflammation combined with neonatal hyperoxia exposure resulted in early cardiac dysfunction (44) . In the present study, we found that after 14 days of exposure to hyperoxia, mice had RVH compared with their age-matched RA controls. Moreover, this RVH continued to be present after recovery in room air, and only resolved after 56 days (Fig. 1) . This suggests that hyperoxia-induced RVH is recoverable, but that it takes a prolonged period of time, as our 56 days represents a fully mature adult mouse.
We then sought to determine if cGMP and PDE5 signaling were impacted in this hyperoxia-induced model of RVH. As previous studies focused largely on failing hearts, it was unknown if we would detect cGMP signaling changes in our model where RVH precedes heart failure. In this study, we found that cGMP levels in the RV were decreased in 14 day mice exposed to hyperoxia. Decreased cGMP is likely to impair cardiac relaxation, contractility, and ion channel responsiveness. We found that, with room air recovery, these levels gradually normalized within 14 days of returning to RA.
To investigate the mechanisms responsible for the decrease in cGMP, we examined the expression and activity of PDE5 in the RV. In adult pulmonary arterial hypertension or heart failure in animals and humans, increased levels of RV PDE5 have previously been described (18, 30, 35) . In 14 day mice exposed to CH, both RV PDE5 protein expression and activity are increased compared with RA controls. This suggests that upregulation of PDE5 in these mice causes increased hydrolysis of cGMP. There was no significant difference in either LV PDE5 protein expression and activity in mice exposed to CH vs. RA controls at 14 days, suggesting that hyperoxia-induced changes in PDE5 are specific to the RV and PDE5 is differentially regulated between the right and left ventricles of the show heterozygous PDE5-overexpressing (OE) (PDE5TG) mice. B: Fulton's index was measured at 14 days in heterozygous PDE5 wild-type (WT) mice (n ϭ 14) and heterozygous PDE5-overexpressing mice (n ϭ 12). Data are shown as means Ϯ SE. *P Ͻ 0.05 vs. PDE5 wild-type mice. C: medial wall thickness was measured at 14 days in isogenic PDE5 wild-type mice (n ϭ 6) and PDE5-overexpressing mice (n ϭ 4). Data are shown as means Ϯ SE. D: representative hematoxylin-and eosin-stained lung sections for PDE5WT and PDE5-overexpressing mice at 14 days in RA. E: mean alveolar area was measured at 14 days in isogenic PDE5 wild-type mice (n ϭ 6) and PDE5-overexpressing mice (n ϭ 4). Data are shown as means Ϯ SE. F: representative hematoxylinstained lung sections for PDE5WT and PDE5-overexpressing mice at 14 days in RA.
heart. In addition, even though PDE5 expression returns to control levels after 14 days of room air recovery, PDE5 activity continued to remain elevated in those mice initially exposed to hyperoxia. We have previously described in this neonatal mouse model of pulmonary hypertension that PDE5 activity can be increased without increased PDE5 expression in the pulmonary vasculature (24) . Our previous data suggest that PDE5 activity can be posttranslationally regulated by hyperoxia-induced ROS (15, 24, 25) . Intriguingly, the timeline for the return of PDE5 activity to baseline mirrors that of the Fulton's index timeline, thereby suggesting that increased PDE5 activity may contribute to cardiac hypertrophy and remodeling. In support of that hypothesis, treatment with sildenafil, a PDE5 selective inhibitor, during hyperoxia led to decreased PDE5 activity and increased cGMP levels in the RV at 14 days. We have previously reported that the dose of sildenafil used here appears to be very selective for improving cGMP signaling in the cardiovascular system (25) . We demonstrated that it can decrease RVH and pulmonary vascular remodeling; however, it did not improve lung morphometry in our neonatal mouse model of hyperoxia-induced lung disease and PH (25) . While sildenafil has been FDA-approved for the treatment of pulmonary arterial hypertension in adults and is currently under investigation in adults with heart failure (18, 28, 30, 35) , use of sildenafil in the neonatal period is still experimental. There are two trials to suggest that sildenafil may be useful in term infants with pulmonary hypertension (6, 37) . A recent single-center study in preterm infants with BPD-associated PH showed that short-term administration of sildenafil decreased PA pressures but did not significantly improve gas exchange (31) . A retrospective review of patients with PH and chronic lung disease showed chronic use of sildenafil clinically improved PH (27) . Our studies suggest that sildenafil prevents hyperoxia-induced RVH and attenuates hyperoxia-induced PDE5 activity in the mouse RV. Therefore, sildenafil in neonatal patients may target PDE5 in both the pulmonary vasculature and the right ventricle.
Since the sildenafil in our study was given systemically, it is difficult to determine whether the impact of sildenafil on the RV was due to a specific effect of PDE5-inhibition on the heart, pressure-unloading as a result of improvement in the pulmonary vasculature, or a combination of both pulmonary vascular and cardiac effects. Data evaluating the effect of sildenafil in the pressure overloaded RV is conflicting. Several studies using the monocrotaline-induced pulmonary hypertension adult animal model showed sildenafil reduced RVH and improved RV systolic function (19, 33) , while studies using pulmonary artery banding models showed sildenafil did not impact RVH (2, 33) , suggesting that the effects of sildenafil may vary in certain clinical situations. To date, no cardiac-specific PDE5 knockout mouse exists. However, there is a previously described mouse with cardiomyocyte-specific overexpression of PDE5 (32, 42) . These mice have previously been described to have no hemodynamic changes in adulthood at baseline relative to isogenic wild-type mice as measured by echocardiography. Fulton's index is an indirect approximation of pulmonary hypertension. Unfortunately due to the size of the 14 day old mice (5-6 g on average) and the equipment available at our institution, we were unable to measure PA pressures or echocardiographic measures of pulmonary hypertension such as pulmonary artery acceleration time to right ventricular ejection time ratio (PAAT/ET) on echocardiogram. However, based on review of the literature, few have been successful to date with these measurements on such small pups. We do note that these mice have an increased Fulton's index, suggestive of RVH, at 14 days of age in room air. However, we have demonstrated that they do not have significant changes in either alveolar area or medial wall thickness (Fig. 5) . While mild RVH is present, these mice survive into adulthood with few adverse events, suggesting that a second "hit" may be needed to expose the true impact of this PDE5 overexpression. Consistent with this phenomenon, PDE5TG mice have been described to have more pronounced LV hypertrophy when subjected to LV pressure overload (32, 42) .
Taken together, our studies suggest a temporal relationship between RVH and increased PDE5 in the RV of mice exposed to CH for 14 days. These changes resolve with room air recovery, but they take a significant amount of time to do so. This represents an interesting model to study possible therapeutic interventions for human infants with BPD-associated pulmonary hypertension and RVH. We know that a subset of these infants will recover over time, like the mice, but others will develop progressive RVH, possibly leading to right heart failure and death. Thus, while our mice do not appear to develop the more malignant phenotype, the mouse model provides a platform to test potential therapies to speed the recovery of RVH in mice with established disease. More specifically, our data suggest that inhibition of PDE5 during hyperoxia exposure would likely normalize cGMP levels and PDE5 activity and thus contribute to either attenuation or prevention of RVH. It remains to be seen whether sildenafil given after hyperoxia-exposure can reverse established pulmonary vascular disease and RVH.
The clinical effects of long-term sildenafil use for BPDassociated pulmonary hypertension remain unknown. An extension phase of the STARTS trial reported that children ages 1-17 chronically taking a high dose of Revatio (Ͼ 6 mg·kg Ϫ1 ·day Ϫ1 ) had a higher risk of death than children taking lower doses (7, 8) . However, this study did not include infants or children with PH associated with lung disease, so it is impossible to extrapolate these data to our BPD patient population of interest. Furthermore, we used subcutaneous injections of sildenafil at 3 mg·kg Ϫ1 ·dose Ϫ1 every other day, which falls below the high-dose group reported in the STARTS-2 trial, and closely mimics the doses given to term infants in clinical trials (37, 45) . At this dosing range, we observed an improvement in RV PDE5 activity and cGMP, and we have previously published that this sildenafil dose improves RVH (25) . Based on our previous studies where sildenafil did not improve alveolar area, low-dose sildenafil appears to be very selective for improving cGMP signaling in the cardiovascular system (25) . Further clinical studies will be needed to determine whether sildenafil is safe in infants and what the optimal dose is to minimize side effects while maximizing cardiovascular gain. Finally additional studies will be needed in cells and animal models to determine if there might be drugs other than sildenafil with better safety profiles that can restore normal PDE5 activity and cGMP levels.
In conclusion, we have demonstrated that hyperoxia-induced RVH is significant and slow to recover after return to normoxia. Hyperoxia induces PDE5 expression and activity spe-cifically in the RV, but not the LV ϩ S. Sildenafil given during hyperoxia blunts hyperoxia-induced PDE5 activity and decreases in cGMP levels. Furthermore, mice overexpressing PDE5 in the cardiomyocytes develop RVH at baseline in room air. Together, these data suggest that PDE5 is a key modulator of right ventricle remodeling in the neonatal period. Future studies must further address both the mechanism(s) for PDE5 regulation in the RV as well as the evaluation of newer, potentially safer, pharmaceutical options to speed the regression of hyperoxia-induced RVH.
